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Background: Fibronectin is an extracellular matrix glycoprotein involved in cell
adhesion and migration events in a range of important physiological processes.
Aberrant adhesion of cells to the matrix may contribute to the breakdown of
normal tissue function associated with various diseases. The adhesive properties
of fibronectin may be mediated by its interaction with collagen, the most
abundant extracellular matrix protein. The collagen-binding activity of fibronectin
has been localized to a 42 kDa proteolytic fragment on the basis of this
fragment’s affinity for denatured collagen (gelatin). This gelatin-binding domain
contains the only type 2 (F2) modules found in the protein. The F2 modules of
the matrix metalloproteinases MMP2 and MMP9 are responsible for the affinity of
these proteins for gelatin. Knowledge of the structure of fibronectin will provide
insights into its interactions with other proteins, and will contribute to our
understanding of the structure and function of the extracellular matrix, in both
normal and disease-altered tissues.
Results: We have determined the solution structure of the first F2 (1F2) module
from human fibronectin by two-dimensional NMR spectroscopy. The tertiary
structure of the 1F2 module is similar to that of a shorter F2 module, PDC-109b,
from the bovine seminal plasma protein PDC-109. The 1F2 module has two
double-stranded antiparallel b sheets oriented approximately perpendicular to
each other, and enclosing a cluster of highly conserved aromatic residues, five of
which form a solvent-exposed hydrophobic surface. The N-terminal extension in
1F2 brings the N and C termini of the module into close proximity.
Conclusions: The close proximity of the N and C termini in 1F2 allows for
interactions between non-contiguous modules in the gelatin-binding domain.
Thus, instead of forming an extended, linear chain of modules, the domain may
have a more compact, globular structure. A pocket in the module’s solvent-
exposed hydrophobic surface may bind nonpolar residues in the putative
fibronectin-binding site of the extracellular matrix component type I collagen.
Introduction
Fibronectin is an extracellular glycoprotein found as a
soluble dimer in plasma, where, through its affinity for
fibrin and platelets, it is involved in blood coagulation [1].
Fibronectin is also found as a major constituent of the
extracellular matrix, where it provides a network of
anchorage sites for cell-surface receptors, thus assisting
cell migration and the maintenance of tissue integrity
[1,2]. There is considerable evidence in support of an
interaction between fibronectin and collagen in the extra-
cellular matrix (reviewed in [1]). For example, immunoflu-
orescent and immunocytochemical studies have shown
that the two proteins are codistributed in tissues, and the
attachment of fibroblastic cells to collagen substrates in
vitro is promoted by the addition of fibronectin. Further-
more, fibronectin is observed in a regularly distributed
array along collagen fibers synthesized by cells in culture.
A better understanding of the structure and function of
the extracellular matrix requires knowledge of the mol-
ecular basis of fibronectin’s interaction with collagen.
Fibronectin is a dimeric, mosaic protein composed almost
entirely of three types of module, F1, F2 and F3 [3]. The
modules are organized into functional domains, which can
be isolated in the form of proteolytic fragments that retain
affinity for various ligands. Consequently, many of the
ligand-binding sites have been mapped to specific regions
of the fibronectin polypeptide (reviewed in [1]). The colla-
gen-binding activity of fibronectin has been attributed to a
42kDa proteolytic fragment on the basis of this fragment’s
affinity for either heat-denatured collagen (gelatin) [4,5], or
isolated collagen a chains [6]. The module organization
within this gelatin-binding domain is 6F11F22F27F18F19F1,
where nFX represents the nth type X module in the protein.
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Attempts to localize the gelatin-binding site to individual
modules of fibronectin by recombinant expression in
E. coli have yielded conflicting results. In one study,
analysis of recombinant fragments produced as b-galac-
tosidase fusion proteins showed that both the 1F2 module
and the 1F22F2 module pair could bind to immobilized
gelatin [7]. In an earlier study, however, the 6F11F22F2
module triplet would only bind to gelatin if the 14 N-ter-
minal residues of 7F1 were present at the C terminus 
of the triplet fragment [8]. In a third study, the smallest
recombinant fragment capable of binding to immobilized
gelatin was 6F11F22F27F1 [9].
The exclusive localization of F2 modules to the 42kDa
domain implicates these modules in gelatin binding.
However, more extensive proteolysis of the domain results
in three non-overlapping module pairs (6F11F2, 2F27F1
and 8F19F1), each of which is capable of binding to
gelatin, but not all of which contain F2 modules [10,11].
Therefore, although they may contribute to it, F2 modules
may not be entirely responsible for fibronectin’s gelatin-
binding activity. The occurrence of F2 modules in other
gelatin-binding proteins, such as the matrix metallopro-
teinases (MMP) 2 and 9 (also known as gelatinases A and
B, respectively), provides further evidence for the involve-
ment of F2 modules in gelatin binding [12,13]. Further-
more, recombinant expression of F2 modules from these
MMPs has produced fragments with high affinity for
gelatin [14–16], whereas recombinant MMP2 lacking F2
modules was found to be devoid of gelatin-binding
activity [17,18].
Figure 1 shows a multiple sequence alignment of selected
F2 modules. The module is characterized by the pres-
ence of several highly-conserved aromatic residues and
four invariant cysteines that form intramodule disulphide
bonds with the connectivities 1–3 and 2–4 [19]. The ter-
tiary solution structure of an F2 module from the bovine
seminal fluid protein PDC-109 has been determined using
NMR spectroscopy [20,21]. The module structure consists
of two double-stranded anti-parallel b sheets, oriented
approximately perpendicular to each other, and two irreg-
ular loops, one separating the two b sheets and the other
between the two strands of the second b sheet. However,
this F2 module is significantly shorter than those found in
fibronectin and the MMPs, each of which has an N-termi-
nal extension of approximately 15 residues preceding the
first cysteine (Fig. 1). This extension includes the highly-
conserved sequence Thr–X–X–Gly–Asn–X–X–Gly (where
X is any amino acid), the first three residues of which have
been predicted to adopt an extended conformation [22],
possibly contributing a third strand to one of the estab-
lished b sheets.
In this paper, we describe the determination of the solu-
tion structure of the first type 2 module (1F2) from human
fibronectin by two-dimensional (2D) NMR spectroscopy.
The 60-residue module was produced by recombinant
expression from the methylotrophic yeast Pichia pastoris,
which has recently been used for the efficient production
of disulphide-bonded proteins [23]. As seen in the PDC-
109b structure, the 1F2 module contains two double-
stranded, antiparallel b sheets oriented approximately
perpendicular to each other, with the cleft between them
filled by highly conserved aromatic residues that form 
an extensive hydrophobic surface. However, the N-termi-
nal extension in 1F2 lies antiparallel to the C-terminal
b strand, thus bringing the N and C termini of the module
into close proximity.
Results and discussion
Expression and purification of 1F2
The 1F2 module, corresponding to residues 315–374 of
mature human fibronectin, was expressed at levels of
approximately 5mgl–1 from P. pastoris cells containing
multiple copies of the fibronectin gene fragment. The
identity and correct intracellular processing of the recom-
binant protein were confirmed by N-terminal sequence
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Figure 1
Multiple sequence alignment of F2 modules
from fibronectin (FN-1F2 and FN-2F2), matrix
metalloproteinases 2 (MMP2-1F2, MMP2-2F2
and MMP2-3F2) and 9 (MMP9-1F2, MMP9-
2F2 and MMP9-3F2), macrophage mannose
receptor (ManR), phospholipase A2 receptor
(PA2R), factor XII (FaXII), cation-independent
mannose-6-phosphate receptor (MPRI),
hepatocyte growth factor activator (HGFA),
bovine seminal plasma protein PDC-109
(PDC-109a and PDC-109b) and bovine
seminal plasma protein BSP-A3 (BSP-A3a
and BSP-A3b). Numbers indicate the
positions of amino acid residues relative to the
sequence of FN-1F2. Residues occurring with
> 50% frequency at any one position are
highlighted with a black box, with conserved
substitutions at these positions marked by
grey boxes. The alignment was generated
using the UWGCG programs PILEUP and
PRETTYBOX.
analysis and electrospray mass spectrometry. When stored
at pH4.5 and 4°C, a 2mM sample of 1F2 was found to be
stable for more than 12 months, as shown by the repro-
ducibility of NMR spectra over this time period.
Spectral assignment 
The NMR spectra of 1F2 were sufficiently well resolved
to allow the assignment of amino acid spin systems and
sequential connectivities using well-established 2D proce-
dures [24]. Spectra were acquired at two different tem-
peratures to confirm resonance assignments in cases of
peak overlap or coincidence with the water signal. Com-
plete assignment of backbone CaH and NH protons was
achieved, except for the exchange-labile Ala1(NH2). In
addition, almost all sidechain proton resonances were
assigned unambiguously. A list of chemical shift assign-
ments for the protein at 25°C and pH4.5 is given in
Table 1, and the sequential nuclear Overhauser effect
(NOE) connectivities on which the sequence-specific
assignments were based, as well as other structurally rele-
vant NMR data, are summarized in Figure 2.
The strong NOE observed between Leu17(CaH) and
Pro18(CaH) demonstrates that Pro18 adopts the cis confor-
mation [24]. The equivalent residue in the structure of
PDC-109b is also a cis proline [20], so it is likely that 
this invariant proline adopts a cis conformation in all F2
modules. Pro14 adopts the more usual trans conforma-
tion, as shown by the strong NOEs observed between
Glu13(CaH) and Pro14(CdH, CdH′). No evidence of cis–
trans isomerization was detected for either proline.
Stereospecific assignments were obtained for the b meth-
ylene protons of 19 residues, and for the g methyl groups
of Val16, by analysis of CaH–CbH coupling-constants (3Jab)
and intraresidue NOE intensities. The d methyl groups of
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Table 1
1H chemical shifts (in ppm) of 1F2 at 25°C and pH4.5*.
NH CaH CbH Others NH CaH CbH Others
Ala1 – 4.20 1.56 Thr31 8.04 4.99 4.48 CgH3:1.12
Val2 8.61 4.28 2.11 CgH3:1.00† Glu32 8.55 4.19 2.16† CgH:2.62†
Thr3 8.41 4.42 4.15 CgH3:1.32 Gly33 8.95 3.86, 4.42
Gln4 8.74 4.62 2.26, 2.15 CgH:2.43†; NεH:- Arg34 7.82 4.58 2.09, 1.93 CgH:1.31, 1.09
Thr5 7.93 5.66 3.91 CgH3:1.18 CdH:3.11, 2.65; NεH:8.56
Tyr6 8.81 4.81 3.11, 2.96 2,6H:6.90; 3,5H:6.68 Gln35 9.04 4.55 2.29, 1.97 CgH:2.40†; NεH:-
Gly7 8.87 3.83† Asp36 7.95 4.53 3.03, 2.67
Gly8 7.36 3.40, 2.73 Gly37 8.18 3.77, 4.01
Asn9 6.34 4.72 3.21, 2.47 NdH:7.57, 7.40 His38 7.80 4.46 2.80, 2.66 2H:8.54; 4H:6.98
Ser10 7.57 4.55 3.76† Leu39 8.28 4.40 1.95, 1.29 CgH:1.69
Asn11 8.11 4.15 3.11, 2.65 NdH:- CdH3:0.89, 0.75
Gly12 8.95 3.90, 3.26 Trp40 9.67 5.87 3.38, 2.95 N1H:9.95; 2H:7.33
Glu13 7.32 4.29 2.27, 1.76 CgH:2.76, 2.59 4H:6.64; 5H:5.25
Pro14 4.46 2.36, 1.88 CgH:2.02† 6H:5.65; 7H:6.35
CdH:3.76, 3.63 Cys41 8.80 4.06 3.34, 2.81
Cys15 8.08 4.58 2.79, 2.43 Ser42 3.83 4.99 3.62, 3.31
Val16 8.69 3.91 1.46 CgH3:0.78, 0.67 Thr43 8.14 4.72 4.42 CgH3:0.95
Leu17 7.82 4.82 1.76, 1.11 CgH:1.45 Thr44 8.06 5.03 4.59 CgH3:1.18
CdH3:0.94, 0.85 Ser45 9.04 4.58 4.16, 4.01
Pro18 4.92 1.46, 1.22 CgH:1.76, 1.69 Asn46 8.07 5.19 3.15, 2.59 NdH:7.74, 6.87
CdH:3.70, 3.44 Tyr47 9.28 4.97 3.65, 3.48 2,6H:7.42; 3,5H:6.42
Phe19 8.28 5.36 3.66, 3.30 2,6H:7.01; 3,5H:7.33 Glu48 9.08 3.93 2.29, 2.19 CgH:2.67, 2.74
4H:6.17 Gln49 7.15 4.20 1.95, 1.84 CgH:2.33, 2.25; NεH:-
Thr20 8.81 5.60 4.10 CgH3:1.17 Asp50 8.20 4.44 2.74, 2.52
Tyr21 9.23 5.25 3.62, 3.06 2,6H:7.33; 3,5H:6.95 Gln51 8.99 2.83 2.07, 1.96 CgH:1.83†; NεH:-
Asn22 9.25 4.23 2.94, 1.76 NdH:- Lys52 8.59 5.03 1.91, 1.49 CgH:1.22†; CdH:1.33†
Gly23 8.75 4.10, 3.63 CεH:2.84†; NzH3:-
Arg24 7.91 4.55 1.75, 1.48 CgH:1.52, 1.28 Tyr53 9.28 5.80 3.12, 2.86 2,6H:6.58; 3,5H:6.36
CdH:3.17†; NεH:7.10 Ser54 8.40 4.58 3.68, 3.31
Thr25 8.17 4.52 3.69 CgH3:0.73 Phe55 7.98 5.73 2.79, 1.79 2,6H:7.20; 3,5H:7.15
Phe26 9.04 4.31 2.67, 1.04 2,6H:6.91; 3,5H:7.53 4H:7.31
4H:7.25 Cys56 7.96 5.56 3.22†
Tyr27 8.89 4.24 3.40, 2.67 2,6H:7.12; 3,5H:6.74 Thr57 8.57 4.52 4.25 CgH3:1.23
Ser28 7.83 4.54 4.05, 3.91 Asp58 8.54 4.73 2.70†
Cys29 8.29 4.62 3.62, 2.73 His59 8.33 4.84 3.32† 2H:8.61; 4H:7.36
Thr30 8.53 4.82 3.55 CgH3:-0.22 Thr60 8.15 4.18 4.32 CgH3:1.20
*Proton chemical shifts were measured relative to dioxane at 3.75 ppm; (-) indicates an unassigned or unobserved resonance. †Protons with
degenerate chemical shifts.
Leu17 and Leu39 were stereospecifically assigned during
the refinement stage of the structure determination.
Identification of secondary structure
Four potential b strands were identified on the basis of
medium–strong {i}CaH–{i+1}NH and weak {i}NH–{i+1}NH
sequential NOEs, weak intraresidue NH-CaH NOEs, slow
amide-exchange rates and NH–CaH coupling constants
(3JNHa) greater than 8Hz (Fig. 2). The pattern of long-range
NOEs and slowly exchanging amides defined two double-
stranded antiparallel b sheets (Fig. 3). In general, the CaH
chemical shift indices [25] correlate well with these b-sheet
assignments (Fig. 2). However, residues 26 and 41 have
negative indices instead of the positive values expected for
b strands (see below). The positive CaH chemical shift
indices for Gln4–Tyr6, the strengths of sequential NOEs in
this region, and the high 3JNHa coupling constants of Gln4
and Thr5 (Fig. 2) suggest an extended conformation for
Gln4–Tyr6, as previously predicted [22]. The long-range
NOEs between Thr5 and Cys56, and between Tyr6 and
Phe55 (Fig. 3), indicate that Gln4–Tyr6 is in an antiparallel
arrangement with strand D, with the N and C termini of the
module in close proximity. However, residues from Gln4 to
Tyr6 could not be classified with confidence as a third
b strand of the established CD sheet, because only a single
hydrogen-bond was identified that is consistent with this
assignment (Fig. 3).
Structure calculations
Final structures were calculated on the basis of 808 exper-
imentally derived restraints, including: 357 intraresidue
(|i–j|=0), 126 sequential (|i–j|=1), 49 short-range (1<|i–j|≤4)
and 212 long-range (|i–j|≥5) interproton distance restraints;
22 distance restraints for 11 backbone hydrogen bonds; 30
f-angle restraints; and 12 χ1-angle restraints. Following the
final round of structure calculations, 85 of the 100 structures
calculated were selected on the basis of their agreement
with the experimental data and low van der Waals energy.
Table 2 shows a statistical analysis of the 85 final structures
and the minimized average structure.
Figure 4a shows a best-fit superposition of the 20 lowest
energy structures of 1F2 onto the average structure. A
stereoview of the minimized average structure is shown 
in Figure 4b. The average root mean square deviations
(rmsd) for the backbone heavy atoms, and for all heavy
atoms of residues 4–57 of the 85 structures are 0.63Å
(±0.30Å) and 0.90Å (±0.50Å), respectively. The b-sheet
residues are well defined, with a mean rmsd over the
backbone heavy atoms of 0.40Å (±0.08Å).
The variation in number of NOE distance restraints,
average rmsd, backbone dihedral angle order parameters
[26] and sidechain solvent-accessibility for the 85 structures,
as a function of residue number, is presented in Figure 5. 
In general, those residues defined by a large number of
restraints exhibit a low rmsd, angle order parameters close
to unity, and buried sidechains. The data indicate that, 
with the exception of the unstructured N and C termini 
and regions of the BC and CD loops, the structure is 
well defined with backbone rmsd values less than 1Å. All
residues with f and ψ angle order parameters greater than
0.4 (Fig. 5) fall within the allowed regions of the Ramachan-
dran plot in all accepted structures (data not shown).
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Figure 2
Summary of sequential NOEs, slowly
exchanging amide protons, vicinal backbone
NH–CaH coupling constants (3JNHa) and
chemical shift indices (CaH–CSI) [25]. The
relative strengths of sequential NOEs,
categorized as strong, medium or weak by
cross-peak intensity, are indicated by the
width of the horizontal bars. Values of
3JNHa > 8 Hz or < 6 Hz are denoted by a black
or white square, respectively. Backbone
amide protons that were observable more
than 16 h after transfer of the protein sample
from H2O to D2O are marked by black circles.
Positive or negative chemical shift indices are
denoted by black rectangles above or below
the axis, respectively. Three or more
consecutive residues with an index of +1 are
indicative of b strand [25]. The secondary (2°)
structure assignments are depicted above the
module sequence, where arrows A–D
represent b strands.
Description of 1F2 module tertiary structure
A schematic representation of the fibronectin 1F2 module
is presented in Figure 6a. Residues 15–56 adopt a confor-
mation that is similar to that of the PDC-109b module.
When the common secondary structure elements of the
minimized average structures of 1F2 and PDC-109b are
superposed (Fig. 6b), an rmsd of 1.09Å for the backbone
heavy atoms of these elements is observed. In both 1F2
and  PDC-109b, the two double-stranded b sheets are ori-
ented approximately perpendicular to each other, with the
cleft between them occupied by the sidechains of the
invariant and highly conserved aromatic residues. Each
module has two large irregular loops, one between the two
b sheets and the other between the two strands of the
second sheet. The disulphide bonds are in close proximity
to each other, and are located on the opposite face of the
second b sheet from that of the aromatic cluster. 
The invariant Phe19 and Trp40 are almost totally buried in
the 1F2 structure (Fig. 5e) and constitute the core of the
molecule (Fig. 6a). The highly conserved residues Leu17,
Tyr21, Phe26, Tyr47, Tyr53 and Phe55 are packed around
this core, with the sidechains of four of them (Tyr21,
Tyr47, Tyr53 and Phe55) clustered on one face of the
module forming a solvent-exposed hydrophobic surface.
The g methyl group of the highly conserved Thr30 packs
against the Trp40 aromatic ring, a position that results in an
upfield shift of the Thr30(CgH3) resonance to –0.22ppm.
The deviations from expected CaH chemical shift indices
for b-sheet residues Phe26 and Cys41 (Fig. 2) are most
likely due to similar ring current effects from the
sidechains of aromatic residues. The potential magnitude
of such effects is demonstrated by the observed chemical
shift of Ser42(NH), a resonance that was only assigned
during the latter stages of structure calculation. In the min-
imized average structure, this amide proton lies approxi-
mately 2.5Å from the plane of the Phe19 aromatic ring, and
is oriented axially with respect to the ring. The result is an
upfield shift of the Ser42(NH) resonance of 4.48ppm from
its random-coil value of 8.31 ppm (Table 1) [27].
As seen in the sequence alignment of F2 modules (Fig. 1),
the major difference between PDC-109b and 1F2 is the
presence of an N-terminal extension in the latter. In the
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Figure 3
Schematic representation of the secondary structure of 1F2.
Interstrand short- and long-range NOEs are depicted by double-
headed arrows, slowly exchanging backbone amide protons by filled
black circles and hydrogen bonds by stacked bars.
Table 2
Structural statistics for the family of 85 1F2 structures and the
minimized average structure.
Structure family Minimized 
average structure
Rmsd (± s.d.)* 
All NOE constraints (Å) 0.0068 (± 0.0020) 0.002
Intraresidue (Å) 0.0045 (± 0.0022) 0.001
Sequential (Å) 0.0097 (± 0.0049) 0.005
Short range (Å) 0.0032 (± 0.0027) 0.000
Long range (Å) 0.0069 (± 0.0024) 0.001
Hydrogen bonds (Å) 0.0068 (± 0.0051) 0.001
Dihedral angle(°) 0.0991 (± 0.0762) 0.1152
Rmsd (± s.d.)†
Bond lengths (Å) 0.0018 (± 0.0001) 0.0019
Angles (°) 0.4103 (± 0.0096) 0.4067
Impropers (°) 0.2207 (± 0.0123) 0.2085
Energy
Fvdw (kcal mol–1)‡ –128.9 (± 14.3) –140.3
*Root mean squares deviation (rmsd) from experimental constraints.
†Rmsd from idealized covalent geometry. None of the 85 selected
structures exhibited distance restraint violations greater than 0.3 Å or
dihedral angle violations greater than 2.0°. No distance or dihedral
angle restraints were consistently violated by more than 0.1 Å or 0.5°,
respectively. ‡The van der Waals energy (Fvdw) was calculated using
the full CHARMM energy function without further minimization.
1F2 fold, the first three residues of this extension (Ala1–
Thr3) are relatively unstructured. Residues Gln4–Tyr6
adopt an extended conformation antiparallel to b strand
D, and residues Gly7–Gly12 form a loop that packs against
the external edge of b strand D. The slow exchange rate
observed for Tyr53(NH) (Fig. 3) is most likely due to
hydrogen bonding with the amide oxygen of the Asn9
sidechain. This assignment is supported by the identi-
fication of the long-range Asn9(NdH)–Lys52(CaH) and
Asn9(NdH)–Tyr53(NH) NOEs. The inclusion of this
hydrogen bond in the structure calculations resulted in 
no consequential violations of other restraints. Because
the bond could be reliably predicted in only 10% of
unconstrained structures, however, the restraint was not
included in the final round of structure calculations. The
Thr5 sidechain packs against the sulphur atoms of the
Cys15–Cys41 and Cys29–Cys56 disulphide bonds, result-
ing in a reduced solvent-exposure of the disulphides of
1F2 relative to those of PDC-109b. The conservation of
Thr5 and Asn9 in those F2 modules that possess the
N-terminal extension (Fig. 1), may reflect the importance
of these interactions in stabilizing the conformation of 
this region.
A putative binding site for gelatin
Type I collagen is a triple-helical molecule composed of
two identical a1(I) chains and one a2(I) chain. Investiga-
tions into the fibronectin-binding capacities of the iso-
lated a chains, produced by heat-denaturation of type I
collagen, demonstrated that the triple-helical conforma-
tion was not essential for binding [28]. Subsequently, the
fibronectin binding activity of a1(I) was attributed to a
36-residue proteolytic peptide of the cyanogen-bromide
fragment a1(I)-CB7 [29]. The lack of proline and hydrox-
yproline, and the presence of numerous hydrophobic
amino acids in a 12-residue sequence within this fragment
(Gln–Gly–Ile–Ala–Gly–Gln–Arg–Gly–Val–Val–Gly–Leu)
are thought to destabilize the triple helix and so 
allow fibronectin to bind. The observed reduction in
fibronectin-binding activity of mutant type I collagens, 
in which hydroxyprolines were introduced into this puta-
tive binding site in a1(I), is consistent with this pro-
posal [30].
The binding of leucine and isoleucine analogues to the
PDC-109b F2 module has been studied by NMR-moni-
tored ligand titration [21]. Weak binding interactions were
364 Structure 1997, Vol 5 No 3
Figure 4
Solution structure of the 1F2 module.
(a) Stereoview of the 20 lowest energy
structures of 1F2. Each structure has been
overlaid onto the average structure by best-fit
superposition over the backbone heavy atoms
(N, Ca and C) of residues 4–57. The
backbones of residues 4–57 are shown in
white, with the disulphide bonds depicted in
yellow. The sidechains of the invariant (Phe19
and Trp40) and highly conserved (Leu17,
Tyr21, Phe26, Tyr47, Tyr53 and Phe55)
hydrophobic residues are coloured green and
blue, respectively. (b) Stereoview of the
minimized average structure of 1F2. Every
tenth Ca atom (starting at residue 10) is
labelled. Atoms are coloured according to the
scheme: C, green; N, blue; O, red; and S,
yellow. The orientation of the 1F2 module in
Figures 6 and 7 is identical to that shown
here. This figure was prepared using the
program INSIGHT v2.3 [51] (Biosym
Technologies, San Diego, CA).
observed, with the greatest affinity exhibited for 3,3-
dimethylbutylamine. Interestingly, binding was detected
for the methyl esters of leucine and isoleucine, but not for
valine methyl ester, suggesting that a minimum sidechain
length is required. The chemical shifts of the H6 and 
H7 resonances of the Trp26 indole ring of PDC-109b
(equivalent to Trp40 in fibronectin 1F2) were found to be
the most sensitive to ligand binding, with Tyr7, Tyr33,
Asp34 and Trp39 (equivalent to Tyr21, Tyr47, Glu48 and
Tyr53 in 1F2) also experiencing significant chemical shift
changes. 
The large hydrophobic surface in the 1F2 structure that is
formed by the solvent-exposed aromatic residues Tyr21,
Tyr47, Tyr53 and Phe55 is evident in Figure 7a. This rep-
resentation also reveals the presence of a possible ligand-
binding pocket in the hydrophobic surface, at the bottom 
of which lies the Trp40 indole ring. Leucine or isoleucine
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Figure 5
Correlation between the number of
experimental restraints and structural
precision. (a) The number of structurally
significant NOEs (as determined by the
program DIANA [52]) per residue used in the
structure calculations. The stacked bars
represent (from bottom to top, with
progressively lighter shading) the number of
intraresidue, sequential, short-range and long-
range NOEs. (b) Average atomic rmsd
between the 85 1F2 structures of the
backbone heavy atoms (solid line) and all
heavy atoms (dotted line) for each residue.
(c,d) Angle order parameters S(f) and S(ψ)
[26] by residue. (e) Mean sidechain solvent-
accessibility by residue. The solvent-
accessibility of the sidechain of each non-
glycine residue was calculated in X-PLOR
[54], using a probe radius of 1.4 Å. The mean
accessibility of each residue is expressed as a
percentage relative to the sidechain solvent-
accessibility of the equivalent residue X in the
extended chain Gly–Gly–X–Gly–Gly.
sidechains, such as those in the putative fibronectin-
binding site of collagen a1(I)-CB7, may bind in this
hydrophobic pocket. The importance of hydrophobic inter-
actions in the binding of fibronectin to gelatin has been
demonstrated by the elution of the 42kDa domain from
immobilized gelatin at substantially lower concentrations 
of chaotropic agents (which disrupt hydrophobic interac-
tions) than are required to produce significant conforma-
tional changes in the domain [31]. However, the interaction
between fibronectin and gelatin cannot be explained in
terms of hydrophobic forces alone. In the absence of
chaotropes, both intact fibronectin and the 42 kDa fragment
can be eluted from immobilized gelatin by a reduction in
pH to 5.2 [31], suggesting a direct involvement of charged
aspartate or glutamate residues. The observed elution by
the mild denaturant dimethylformamide at concentrations
lower than that required for elution by guanidine, also 
suggests an important role for hydrogen bonding [31].
Alanine-scanning mutagenesis of MMP9-2F2 showed that
mutation of single conserved residues equivalent to Arg34,
Asp36, Trp40, Cys41, Asn46, Tyr47 and Asp50 in
fibronectin 1F2, each resulted in a greater than 80% 
reduction in gelatin-binding activity [16]. The reduced
activities resulting from the Trp40, Cys41 and Tyr47
mutations are unsurprising, as these residues are involved
in the maintenance of the module fold and solvent-
exposed hydrophobic surface (Fig. 6a). Residues Arg34
and Asp36 are absolutely conserved in fibronectin and
MMP F2 modules, but not in the F2 module of hepato-
cyte growth factor activator (HGFA) or the gelatin-binding
proteins PDC-109 and BSP-A3 (Fig. 1). In the fibronectin
1F2 module structure, the positively charged guanidinium
group of Arg34 is in close proximity to the putative ligand-
binding pocket, and therefore may be directly involved in
gelatin binding (Fig. 7b). The sidechain of the neighbour-
ing Asp36 is oriented towards that of Arg34, suggesting
that these two residues may be linked by a salt bridge
(Fig. 7b). Surface salt bridges have been shown to be
partly responsible for the greater stability of enzymes 
isolated from thermophilic bacteria compared to their
mesophilic homologues [32]. Therefore, a surface salt
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Figure 6
The 1F2-module fold. (a) Schematic
representation. The b strands are shown in
red, and the disulphide bonds in yellow. The
orientation of the module, and the colour
scheme for the sidechains of the invariant and
highly conserved aromatic residues are the
same as for Figure 4a. (b) Comparison of the
F2 modules of 1F2 (red) and PDC-109b
(green). The modules were superimposed
over the backbone heavy atoms (N, Ca and C)
of their common secondary structural
elements. The disordered N- and C-terminal
regions of each module are not shown. The
programs MOLSCRIPT [57] and Raster3D
[58,59] were used in the preparation of these
figures.
Figure 7
Solvent-accessible surface of the 1F2 module
showing the putative gelatin-binding site.
(a) The solvent-exposed hydrophobic surface
is depicted with those areas contributed by
the highly conserved aromatic residues Tyr21,
Tyr47, Tyr53 and Phe55 coloured blue, and
the invariant Trp40, which lies at the base of a
hydrophobic pocket, coloured green.
(b) Electrostatic surface potential map of 1F2.
Areas of net positive and negative charge are
coloured blue and red, respectively, and
labelled according to the source residue. This
figure was prepared with the program GRASP
[60], using a probe radius of 1.4 Å.
bridge between Arg34 and Asp36 may stabilize a func-
tionally active conformation of the F2 module.
The importance of module–module interactions
The importance for many of the functions of fibronectin
of interactions between sequentially adjacent modules
has previously been established. For example, the primary
non-covalent binding site for fibrin is located in the
4F15F1 module pair [33,34], but, in isolation, neither 4F1
nor 5F1 bind fibrin [33]. Results of differential scanning
calorimetry on the 42kDa gelatin-binding fragment and
on its subfragments, revealed that 2F2 is greatly stabi-
lized by module–module interactions within the domain,
most probably by 1F2 [11]. Similar investigations into the
thermal stabilities of the three tandem F2 modules of
MMP2 revealed that the central F2 module exhibits a
significantly higher melting temperature in the module
triplet than it does in isolation or in either of the module
pairs [22]. Although each of the modules binds gelatin,
fragments containing all three modules have significantly
stronger affinity than any of the individual constituent
modules [16].
Previous structure determinations of F1 [34–36] and F3
[37] modules from fibronectin have revealed folds in
which the N and C termini are at opposite ends of the
modules, separated by distances of approximately 25 and
30Å, respectively. In the absence of long, flexible inter-
module linker sequences, tandem arrays of F1 or F3
modules would not be expected to exhibit interactions
between modules that are distant in sequence. Indeed, in
the recent crystal structure of 7-10F3, the four modules are
oriented in an extended, linear fashion with no long-range
contacts between distant modules [38]. In contrast, the
average distance between the Ca atoms of Gln4 and
Thr57 (those residues closest to the N and C termini that
have defined structure) in the ensemble of 1F2 structures,
is 6.5Å (±0.4Å). The close proximity of the N and
C termini in the 1F2 module might result in interactions
between 6F1 and 2F2 in native fibronectin (i.e. between
modules that are distant in sequence). Furthermore, if the
2F2 module were to adopt a fold similar to that of 1F2 (as
would be expected from their high sequence similarity),
then interactions between the 6F1 and 7F1 modules may
occur, despite being separated in sequence by the two F2
modules. A comparison of module melting temperatures
observed for the 6F11F22F27F1 fragment with those of the
constituent 6F11F2 and 2F27F1 module pairs revealed that
such long-range interactions may exist [11].
Biological implications
Through adhesive interactions with cells, the extracellu-
lar matrix plays a vital role in normal cellular processes
such as migration, proliferation and differentiation.
Aberrant adhesion of cells to the matrix may contribute
to the breakdown of normal tissue function associated
with various diseases. In cancer, neoplastic transforma-
tion results in arrested differentiation, uncontrolled pro-
liferation and tumour cell migration. Transformation of
cells by tumour viruses in vitro is frequently accompa-
nied by depletion of fibronectin from the cell surface
(reviewed in [1]). Subsequent addition of extraneous
fibronectin can partly restore the normal cellular pheno-
type. Thus fibronectin has an important role in the
maintenance of tissue integrity. A better understanding
of this role requires the characterization of fibronectin’s
interactions with other extracellular matrix components.
Although the interaction between fibronectin and colla-
gen or denatured collagen (gelatin) has been investigated
intensively, it is not yet understood at the molecular
level. The gelatin-binding site of fibronectin has been
localized to a 42kDa proteolytic fragment that contains
the only type 2 (F2) modules in the protein. Although 
no incontrovertible evidence links the F2 modules of
fibronectin with binding to collagen, the F2 modules of
the matrix metalloproteinases MMP2 and MMP9 are
responsible for the affinity of these proteins for gelatin. 
The structure of the second F2 module from the bovine
seminal fluid protein PDC-109 has previously been
determined. The fibronectin 1F2 structure, published
here, is similar to PDC-109b, with two perpendicular,
antiparallel b sheets enclosing the conserved aromatic
residues, five of which are clustered on the module
surface forming a putative binding pocket for hydropho-
bic ligands. However, the PDC-109b module lacks 
an N-terminal extension of approximately 15 residues
present in the fibronectin and MMP F2 modules. The
N-terminal extension brings the N and C termini of the
fibronectin module into close proximity. This topology
allows for long-range interactions between non-contigu-
ous modules either side of the F2. Therefore, instead of
forming an extended, linear array of modules as is seen
for the cell-binding domain, the gelatin-binding domain
of fibronectin may adopt a more compact, globular
structure. This globular domain may adhere to collagen
through interactions between the hydrophobic surfaces
of the F2 modules and specific nonpolar residues on the
collagen triple helix.
Materials and methods
Construction of vectors
Single-stranded complementary DNA (ss-cDNA) was produced by
reverse transcription of HepG2 mRNA (supplied by Caroline Milner,
MRC Immunochemistry Unit, Oxford University). The 1F2 gene fragment
was amplified from this ss-cDNA by the polymerase chain reaction
(PCR). The PCR product was ligated into the P. pastoris expression
vector pPIC9 [39] (Invitrogen), in-phase with the a factor secretion
signal sequence. The fidelity of PCR amplification was checked by
[35S]dATP-labelled dideoxy sequencing using Sequenase (USB). The
BamHI–EcoRI fragment containing the a factor–1F2 fusion was sub-
cloned into the corresponding unique sites of the vector pPIC9K (Invit-
rogen), which contains the kanr resistance gene [39].
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Transformation of P. pastoris
The P. pastoris strain GS115 (his4, Invitrogen) was transformed with
10mg SacI-digested DNA. The linearized construct was thus integrated
into the AOX1 promoter region of the host-cell genome. After initial selec-
tion for the His+ phenotype, transformants were pooled and plated on
YPD agar containing 2mgml–1 G418 (Gibco BRL) to select for high-level
geneticin resistance. Resistant transformants, containing multiple copies
of the transfected vector, formed visible colonies after 2–4 days at 30°C. 
Expression and purification of 1F2
Transformed cells were grown at 30°C to mid-logarithmic phase in
glycerol-containing BMG medium (0.1M phosphate pH6.0, 1% (w/v)
(NH4)2SO4, 0.34% (w/v) YNB (Difco), 1% (v/v) glycerol and 4×10–5%
biotin). Induction of protein expression was initiated by transfer into
methanol-containing BMM medium (as for BMG, with replacement of
glycerol by 0.5% methanol). Approximately 60h after induction, the culture
supernatant was harvested by centrifugation, concentrated by ultrafiltra-
tion using a hollow-fibre unit (Amicon) and diafiltrated to 20mM Tris
pH8.0. The recombinant protein was partially purified by anion-exchange
chromatography on Q-Sepharose Fast-Flow (Pharmacia). Elution was
achieved with a gradient of 0–0.2M NaCl, and was monitored at 280nm.
Fractions containing recombinant 1F2 were identified by SDS–PAGE. The
protein was further purified by high-performance liquid chromatography
(HPLC) on a reverse-phase column (C8, 250mm×10mm, Rainin). Elution
was achieved with a gradient of 16–32% acetonitrile in 0.1% aqueous tri-
fluoroacetic acid, and was monitored at 280nm. The identity and purity of
recombinant 1F2 was assessed by a combination of N-terminal sequence
analysis and electrospray mass spectrometry.
NMR analysis
Samples for NMR spectroscopy contained approximately 2mM protein
in 0.5ml D2O or 90% H2O/10% D2O, pH4.5. Spectra were recorded at
25°C and 37°C on a spectrometer built in-house at the Oxford Centre
for Molecular Sciences (500.1MHz for 1H) interfaced with a GE/Omega
computer. Two-dimensional experiments were recorded with time-pro-
portional phase incrementation for quadrature detection, and with sweep
widths of 6024.1Hz in both dimensions. Suppression of the solvent res-
onance was achieved either by presaturation or by use of a ‘jump-return’
read pulse [40]. Double quantum-filtered correlated spectroscopy (DQF-
COSY) [41], scuba-COSY [42] and primitive exclusive COSY (PE-
COSY) [43] experiments were acquired as 2048 complex points in t2
and 1024 t1 increments. Two-dimensional NOE spectroscopy (NOESY)
[44] and homonuclear Hartmann–Hahn (HOHAHA) [45] experiments
were acquired with 2048 complex points in t2 and 800–1024 t1 incre-
ments. Mixing times of 100 and 150ms were used in the 2D NOESY
spectra. A WALTZ-17y spin lock sequence [46] of approximately 40ms
duration was used in the HOHAHA experiments. Amide-NH protons that
exchanged slowly with the solvent were identified by lyophilizing a
sample of 1F2, from H2O, redissolving in D2O and recording a series of
short (approximately 8h) 2D HOHAHA spectra.
Data processing and spectral analysis
Data processing was performed using the FELIX 2.3 software package
(Hare Research Inc.) on Sun workstations. Data matrices from NOESY
and HOHAHA experiments were processed in t2 with a Lorentz– Gauss-
ian multiplication (typically LB=–15Hz and GB=0.15) and a linear base-
line correction. A 70° phase-shifted squared sine-bell window was applied
for apodization in t1. DQF-COSY, scuba-COSY and PE-COSY data sets
were processed with an unshifted sine-bell applied in both t2 and t1 time
domains. The coupling constants between NH and CaH protons (3JNHa)
were obtained as previously described [47] from ω2 cross-sections of a
scuba-COSY spectrum, with a digital resolution of 1.47Hzpoint–1. Vicinal
coupling constants between CaH and CbH protons (3Jab) were measured
directly from a PE-COSY spectrum processed to a digital resolution of
1.47Hzpoint–1 in ω2.
Structure calculations
Interproton distances were estimated from relative NOE intensities
observed in NOESY spectra. These were broadly classified as either
‘strong’, ‘medium’ or ‘weak’, with distance limits of 0–2.7, 0–3.5 and
0–5.0 Å, respectively. Where appropriate, standard pseudo-atom cor-
rections were added to the distance restraints [48]. Dihedral-angle and
hydrogen-bond restraints were introduced during the later stages of
refinement, based on analyses of initial structures. For those residues
with 3JNHa> 8 Hz or < 6 Hz, approximate values for f torsion angle
restraints were derived by comparison to the Karplus curve [49]. χ1
torsion angles were determined from the two 3Jab coupling-constants
and the intraresidue NH-CbH NOE strengths [50]. For f and χ1 angle
restraints, minimum ranges of ± 30° and ± 60° were allowed, respec-
tively. Potential hydrogen bonds were identified using the program
INSIGHT [51]. In cases where a backbone amide proton was reliably
predicted to form a particular hydrogen bond in 70% of unconstrained
structures, and where the amide proton had previously been identified
as slowly-exchanging, the hydrogen bond was introduced using two
distance restraints: between the carbonyl oxygen and the amide proton
(1.58–2.3 Å), and between the carbonyl oxygen and the amide nitrogen
(1.58–3.2 Å).
Analysis of the set of NOE distance restraints using the program
DIANA [52], revealed that 227 of the intraresidue and 10 of the
sequential interproton distance restraints placed no restriction on the
structure, as the upper distance limits imposed were less than those
allowed by the covalent geometry. Nevertheless, these structurally-
redundant restraints were included in the calculations, as it was found
that they increased the proportion of structures that converged to low-
energy conformations.
Tertiary structures were calculated from the experimental restraints by
dynamical simulated annealing [53], using the program X-PLOR v3.1
[54]. The non-bonded energy was determined using a purely repulsive
function without electrostatic or attractive components, and with a final
value of the van der Waals radii scaled by a REPEL value of 0.75 [54].
In the first phase of structure calculation, starting conformations with
randomized backbone torsion angles and extended sidechains were
subjected to a modified version of the YASAP dynamical simulated
annealing protocol in order to generate a total of 100 initial structures
with approximately correct tertiary folds. These structures were refined
by rapid simulated annealing using the X-PLOR script REFINE.INP
[55]. The stereochemical quality of the refined structures was assessed
using the program PROCHECK_NMR [56]. An average structure was
generated by calculating the mean atom positions of the ensemble of
accepted structures, following best-fit superposition onto the lowest-
energy structure over the backbone heavy atoms (N, Ca and C) of
residues Gln4–Thr57. Geometric strain was removed from this aver-
aged structure by restrained energy minimization in X-PLOR.
Accession numbers
The coordinates of the minimized average structure will be deposited at
the Brookhaven Protein Data Bank.
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